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STUDIES  0?  POLYKSR  ASSOCIATION  IN  MIX2D  SOLVENTS 

Dy 

RiArt  H.  Gcbran  and  Herbert  Morawetz 
Institute  of  Polymer  Research,  Polytechnic  Institute  of  Brooklyn 

i 

Association  of  small  molecules  an*  of  polymers. 

Molecular  association  In  solution  Is  a fairly  common  phenom- 
enon, but  accurate  data  about  the  equilibria  have  been  obtained 
in  comparatively  few  cases.  The  dimerization  of  carboxylic  acids 
In  non-polar  solvents  haB  probably  been  studied  most  extensively t 
and  an  exhaustive  nummary  of  the  results  Was  published  r°cently\ 

The  association  of  hydroxylle  compounds  Is  somewhat  weaker,  but 
the  dimerization  equilibrium  can  be  studied  conveniently  by 
cryoscopic  measurements2. 

While  the  above  associations  depend  on  hydrogen  bonding,  the 
association  complex  between  ».g.  anthracene  and  trlnltrobenzene 
Is  due  to  the  polarization  of  electrons  In  the  aromatic  ring 
system  by  th"  dipoles  of  th°  nitre  groups^.  Of  a different  type 
Is  the  widespread  occurrence  of  micelles  containing  a critical 

I 

number  of  Ions  associated  in  a Rlngle  kinetic  unit  existing  In 

equilibrium  with  molecularly  dispersed  ions. 

It  Is  not  surprising,  that  the  sam°  forces  responsible  for 

the  association  of  small  molecul°s  produce  also  association 

COmployoe  of  polymers..  This  accounts  for  the  dependence  of  the 

osmotic  or  llf?ht  scattering  molecular  weights  of  some  polymers 

lx  e c. 

on  bolvent  medium  and  temperature  »-'»  . 


In  th°  case  of  polyvinyl 


| J.pj# 


4 -k 

'J.j: 


L 


chioride,  there  Is  undoubtedly  a close  relationship  between  its 
molecular  association  and  thQ  remarkable  mechanical  properties 


of  the  plawt ioizao  polymer  . 


surprising-  iea-cure  or  these  polymer  associations  Is 
the  apparent  constancy  In  th ° size  of  the  molecular  aggregates 
oyer  a wide  range  of  solution  concentration*  In  this  respect 
the  polymer  aggregates  behave  like  s-  an  micelles,  with  the 
"critical  micelle  concentration"  (l.e,  the  concentration  of 
incipient  ralc°lle  formation)  apparen  ly  well  below  the  lowest 
concentration  at  which  osmotic,  or  even  light  scattering 
measurements  are  feasible.  The  form- on  of  micelles  has  been 
Interpreted  convincingly  by  Debye's  theory  as  due  to  the  Van 
der  Waals  forces,  which  favor  th°  clustering  of  th°  hydrophobic 
"tails"  of  the  soap  ions  the  increasing  electrostatic  work 
required  to  add  a "further  unit  to  a growing  micelle.  The 
energy  of  the  system  goes  through  a sharp  minimum  for  a given 
number  of  ions  associated  in  the  micelles,  and  this  explains 
the  narrow  distribution  of  their  sizes.  It  Is  obvious,  that 
this  gen^rai  reasoning  is  inapplicable,  for  example,  to  the 
association  of  polystyrene  containing  a few  hydroxyl  groups 
in  toluene  solution  or  a methyl  raetkmeryla fce-methacryllo  acid 
copolymer  In  benzene, 

5 p li  e r- 1 u a 1 wKR'recra  te  s 

To  Illustrate  th~  problem,  let  us  assume  that  a flexible 
coll  molecule  containing  a large  number  of  carboxyl  groups  may 
be  represented  by  a sphere,  with  all  carboxyls  in  the  interior 


2 


I 


of  tha  sph°re  dimerized  by 

/'-H\ 

'\  /‘ 

OH 0 

and  only  the  carboxyls  on  the  surface  of  the  coll  In  th°  free 

stnto.  Wh°n  the  polymers  associate,  the  aggregate  Is  assumed 

to  be  again  spherical,  with  the  same  density  ns  that  of  the 

unaosoclated  macroraoleoule.  For  D molecules  forming  an  aggrc- 

2/1 

gat0,  the  surfaoe  area  of  the  complex  will  be  D times  the 
surface  of  an  Isolated  coll,  and  th°  surface  area  p°r  macro- 
molecule  will  b°  changed  bv  a factor  \ Thus,  If  Ho  is 

th°  enthalpy  of  th°  unassoclatefl  nolymer  molecules t the 

deuond“nce  of  ent-.Vml  py  M nr>  th~  ■»  ~ of  * ooOO  i/>  1 1 . .1,  ~ Ik 


given  by 


. b;  D -k/l 

fbn  a T u 


According  to  th°  Flory-Huggins  t.beory 


9,10 


the  entropy  of 


mixing  of  polymer  and  solvent  Is  given  approximately  by 

AS  *=  -R  .{l^lnf*!  -t  N8ln03j  (2) 

where  R Is  th°  gas  constant,  N the  number  of  molecules,  0 the 
volume  fraction,  the  Indices  1 and  2 referring  to  solvent  and 
polymer  respectively.  As  the  polymer  forms  aggregates,  the 
velum--*  fractions  r°na.ln  flx°d  but  th°  number  of  independent 
polymer  particles  decreases,  s°  that 


R -^Njln^i  + d*  ln/a 


1 - 


(4) 


and  the  entropy  change  with  degree  of  association  le 

* %D  * RNalr^aD’2 


The  rate  of  change  of  free  energy  with  degree  of 
association  Is  then  given  oy 


» -^(H-TS)  c - ^ D"4/3-RTN8ln/aD"2  (5) 

^ P 

For  association  to  occur.  4^  must  be  negative  for  T)  «=  1, 
or, 


> - RTN*ln*$a  (6) 

It  Is  apparent,  that  then  be  negative 

for  all  values  of  D > 1,  Thus  the  model  used  leads  to  the 
conclusion,  that  once  started,  polymer  association  will 
continue  without  limit,  lte.  to  gelation  of  the  system. 


"Pearl  necklaoe  model"  of  polymer  aggregates. 

This  conclusion  is  clearly  contrary  to  experimental 
evidence,  which  indicates  that  although  gelation  may  occur 
below  a critical  temperature,  above  this  temperature  the 
polymers  associate  to  complexes  of  p size  determined  by  tempera 
tur°  and  solvent  medium,  but  insensitive  to  concen  ntion,  Thl 
behavior  can  only  be  explained  by  assuming,  that  duQ  to  sterlo 
factors  and  intramolecular  association,  the  "effective 
functionality"  of  t'n°  polymers,  l.e,  f the  ni«an  number  of  groups 
available  for  lnt°r-molecular  association,  is  smaller  than  2. 
Th°  model  of  th°  association  complex  oaj,  th°n  b°  represented 


schematically  as  follows: 


OOCKX) 


The  two  terminal  molecules  are  linked  to  one  neighbor, 
while  all  others  are  linked  twice.  The  mean  effective  func- 
tionality fQ  is  related  to  the  nurab°r  of  molecules  in  the  com- 


plex D0  by 


2-»-2  (Dn-2) 


Do-1 


It  can  easily  be  verified,  that  the  same  result  is 
obtained  if  the  aggregate  has  a branched  structure,  provided 
only  that  no  closed  loops  are  present. 


/A  1 i»r«o  v%  A ->  a»r»  ^ - 


n .mlxeu  BO  Ivon  fc 


If  r.  Lewis  base  is  added  to  th~  solution  of  a polymer 
oontPlnlng  carboxyl  ccroups,  a certain  fraction  of  the  carboxyls 
will  associate  with  the  base  and  the  number  of  groups  available 
for  Inter-polymer  association  will  (?dcp°ps^.  This  will  cause 
r reduction  in  opponent  molecular  w~i-~h«-  .of  th-  polymer. 

The  ° e so  c let  ion  equilibrium  of  acid  A and  base  B is  glv«n  by 

TAftff--K  <8> 

and  th«  ratio  of  the  total  concentration  of  acid  groups  to  the 
concentration  of  acid  groups  remaining  f r°°  in  tha  pr^a^nc'!  of 
added  base  is 


1 + K(B) 


It  is  reasonable  to  postulate,  that  the  effective 
func  lonallty  f of  the  polymer  in  a solution  containing  base 

- 5 - 


will  bear  th«  same  relation  to  the  functionality  f In  the 
absence  of  base  as  the  concentration  cf  acid  groups  unassoclat- 
ed  with  th  - base  to  th°  total  acid  group  concentration.  Utiliz- 
ing equation  (7)  mul  ) 

Thus,  the  dependence  of  the  degree  of  association  on 
the  concentration  of  added  base  should  yield  informs tier*  from 
which  the  association  aonstent  K can  bo  calculated. 

jkxpejiriontnl  Results 

In  a previous  publleetlen  the  nolecular  associations 
were  investigated  for  mixtures  ef  m'-thyl  methacrylate  copolymers 
vrlth  methacryllc  acid  end  d lmethylamlroethyl  methacrylpt0, 
respectively11,  It  w«s  found,  that  association  of  the  acid 
copolymer  competes  strontrly  vrlth  thc-  carboxyl-amine  Inter- 
action. Also,  the  importance  of  any  carboxyl  association  with 
the  ester  groups  of  the  copolymers  was  quit0  uncertain. 

T"  determine  the  relative  contributions  of  the 
different  types  cf  association  t~  th«  formation  of  the  polymer 
aggregates,  the  .apparent  osmotic  molecular  weight  cf  a me-thyl 
methacryleto-methacryllc  acid  copolymer  In  benzene  solution  was 
measured  ns  r.  function  of  ad  dud  dimethylnminoethyl  acetate 
(DA*5A),  ethyl  acetate,  acetic  acid  and  butanone.  The  copolymer 
contained  4,9  mole  '%  me  theory  lie  acid  (determined  by  titration 
with  sodium  othoxldo  in  90  va1usp  £ benzene  and  10  volume  % 


- 6 - 


ethanol)  <'•■'*1  Ivs  number  average  molacular  weight  (maasured  in 


i 
» 
i 

5 

i 

i 

* 

5 

. pyridine  „olui.iox#  wh°ra  polymer  association  cannot  take  place) 
w«a  3^,50 . Th*-'  osnotic  pressure  m°asuroniont°  wore  carried  out 

as  described  previously^  at  a temperature  of  29.8°C.  In 
benzene  solution,  th«  degree  of  association  Dc  vrcs  x rand  to  bo 

* 

! 6.86. 

The  results  obtained  are  listed  in  Table  l and 
plotted  in  Figure  1.  Dimethylamlnoethyl  ac°tat°  an*  ethyl 
ac°tate  addition  reduced  th°  sep-rao  of  flspocl°tlAr  of  the 
polymer  in  th°  “xpo^t^  mennor,  an-  ths  slopes  of  the  plots  of 
( D^-l ) D/( TV1 ) acralnst  (B)  l«a^  to  association  constants  of 

) 

j 86  iiters/mole  an-’  b.'7  llters/mol*-*  respectively.  Butanoro  was 

relatively  Inefficient  In  reducing  the  sr>g re°  of  polymer 
association,  thirty  tlms  as  much  of  it  b^ing  r^Qulred  to 
product  the  game  effect  as  methyl  ac°tPt°.  While  th°  ester 
carbonyl  would  be  ~xp°cted  to  b^  moro  basic  than  the  carbonyl 
of  the  intone,  the  magnitude  of  this  difference  is  surprising. 

i 

The  Interpretation  of  data  obtained  in  solutions  to 

t 

which  acetic  acid  was  adder?  is  more  complex.  The  acid  is 
largely  dimerized,  but  th°  monomeric  form  Is  chiefly  r-^spons- 

{ 

i 

! lble  for  any  Interaction  with  th°  polymer.  Th->  dissociation 

{ constant  of  poetic  acid  a lm^r  In  b^nz°n°  at  29.8°C.  was 

’ estimated  from  publleheo  data*2  to  be  6.6  v 10"^  nioloS/ii t°r . 

! 

and  the  values  of  (B)  uses  in  pisrorn  l r°fer  to  th«  calculated 

t 

t 

t ooncentret^ <-ns  of  the  monomeric  acid.  It  can  b«  s°«n  th^t  the 

i 

plot  of  (Pr,-1)D/(D-1)D0  against  (B)  la.  strongly  curved  in  this 

I v 

i 

l! 
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case.  This  1b  ascribe^  to  the  fact,  that  the  monomeric  acetic 
ncitf  associates  both  with  carboxyl  or,*  with  pst^r  groups  of 
the  polymer.  In  nrtai tiorj , the  possibility  cannot  bo  oxolu^e* 
that  th«r°  Is  gon«  hy^rofijan  bon^ln^  of  carboxyl  with  th° 

acetic  aci^  "lw. 

Cone!  ual  on 

It  is  conclu^ea  , that  in  th°  acl*  copolymer  us^a  ir; 
this  a n^  the  previous  invest ljrati on^  most  of  che  apifrr^KRtlon 
is  lue  to  carboxyl-ester  association.  Also,  eince  the  cnrboxyl- 
Miiiixj*-  association  constant  is  only  11  tines  as  hlp;h  as  the 
association  constant  of  carboxyl  with  "Rtor  , roups,  a n^th- 
acrylate  copolymer  contain  Ins:  5 mole  % of  nmir"  groups  weulr» 
owe  somewhat  more  of  Its  association  with  a c*  r boxy  11c*  polymer 
to  carboxyl-ester  than  to  carboxyl-amine  Interaction.  The 
mother'  outline^  Is  bell-»vo.i  to  be  ,e  useful  tool  in  determining: 
a variety  of  association  constants,  with  a.  possible  bearing; 
or;  the  theory  -f  p<'lymer  solubilltv  and  plasticization1^. 


- 8 - 


i TABLE  1. 

Association  of  ’n^thvl  nethaorvlata-nathncrvllc  acl^  copolymer 
In  benzer,--  ?.t-  29^8°^,  In  the  nr°gnR0o  of  various  1 tlvo3. 


Dq^I  D 


Afld  ltlve 

(B) 

D 

D-l  D 

DAEA 

0.0062 

3.62 

1.18 

DAEA 

0.0124 

1.82 

1.89 

DAEA 

0.0186 

1.52 

2.50 

DAEA 

0.0110 

1.30 

i.vo 

Methyl  acetate 

0.012 

5.54 

1. 04 

Methyl  acetate 

C.021 

4.22 

1.12 

Methyl  acetate 

0.042 

2.48 

1.28 

Butanone 

0.553 

4.2*1 

1.12 

Ac°t lc  Aol^*^ 

0.0213 

5.96 

1.0*1 

Acetic  Acl^ 

C.  0303 

3.84 

1.15 

Acetic  Acl^ 

0.0375 

2.40 

1.30 

■ice tic  Aci* 

0.0480 

1.44 

2.80 

(*) 

Concentrations  in  nr-Domaric 
aootic  ncl^. 
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